Phage display technology is an emerging drug discovery tool. Using that approach, short peptides that mimic part of a carbohydrate's conformation are selected by screening a peptide-displaying phage library with anti-carbohydrate antibodies. Chemically synthesized peptides with an identified sequence have been used as an alternative ligand to carbohydrate-binding proteins. These peptides represent research tools useful to assay the activities of glycosyltransferases and/or sulfotransferases or to inhibit the carbohydrate-dependent binding of proteins in vitro and in vivo. Peptides can also serve as immunogens to raise anti-carbohydrate antibodies in vivo in animals. Phage display has also been used in single-chain antibody technology by inserting an immunoglobulin's variable region sequence into the phage. A single-chain antibody library can then be screened with a carbohydrate antigen as the target, resulting in a recombinant anti-carbohydrate antibody with high affinity to the antigen. This review provides examples of successful applications of peptidedisplaying phage technology to glycobiology. Such an approach should benefit translational research by supplying carbohydrate-mimetic peptides and carbohydratebinding polypeptides.
Introduction
A significant advantage of gene engineering technology is that DNA and by extension recombinant proteins can be amplified, an approach opposite to that of old-fashioned biochemistry, in which experimenters generally began with large amounts of material and ended up with a very small amount of purified sample. Although we can now produce recombinant, and thus amplifiable, glycosyltransferases by gene engineering techniques, we cannot produce the carbohydrate itself. In this regard, peptide-displaying phage technology provides carbohydrate-mimetic peptides, which are equivalent to amplifiable carbohydrates (Oldenburg et al. 1992; Scott et al. 1992; Taki et al. 1997 Taki et al. , 2008 Fukuda 2006) . Carbohydrate-mimetic peptides can be used as immunogens to raise anti-carbohydrate antibodies for cancer therapy (Kieber-Emmons et al. 1999; Kozbor 2009; MonzaviKarbassi et al. 2001 ) and infectious diseases (Pincus et al. 1998; Hou and Gu 2003; Gnanasekar et al. 2004; Bua et al. 2009; Menendez et al. 2010; Wu et al. 2010 ). In addition, phage display technology provides peptide sequences that bind to carbohydrates, enabling us to produce recombinant humanized monoclonal anti-carbohydrate IgG antibodies against cancer cells (Kubota et al. 2010 ) and infectious agents (Berdichevsky et al. 1999; Haidaris et al. 2001 ).
Phage display: how it works
Phages or bacteriophages are viruses that infect bacteria. Currently, two types of phages are available for phage display. One is an M13-based filamentous phage. M13 infects bacteria by the interaction of the phage coat protein 3 ( pIII) with the F pili of host bacteria (Smith 1985; Smith and Scott 1993) . Following the insertion of a foreign gene encoding a short peptide at the 5′ end of pIII gene, each phage displays 4-5 copies of the short peptide as C-terminal fusion. A second type of phage is the T7-based phage with a round head plus tail fiber (Rosenberg et al. 1996 ; Figure 1 ). T7 can display 200-400 copies of peptides as N-terminal fusions on the head (Rosenberg et al. 1996) . Inserted genes are made from oligonucleotides encoding 4-15 peptides that can be chemically synthesized in a completely random manner. A circular peptide library can also be produced by adding cysteine residues at both N-and C-termini (Pasqualini et al. 1995) . Phage libraries constructed in this manner can display more than 10 9 peptides in an aqueous volume of <1 mL.
Following the infection of the host bacterium, the phage proliferates in host cells. In the M13-based filamentous fd phage, infected bacteria become resistant to tetracycline as phages carry a tetracycline-resistance gene and form colonies on tetracycline-containing agar plates. In the host cell, phage DNA replicates produce coat proteins and assemble into new particles, which leak from the host bacterium and can be collected from a liquid culture of infected bacteria. In T7-based phages, the phage amplified in bacteria burst from host bacterial cells, creating a plaque on soft agar plates. Importantly, each colony or plaque appearing on a plate is a genetically identical clone.
The most commonly used method for library screening is biopanning (Figure 1 ), in which phage clones displaying a peptide sequence are selected using a target molecule, such as an antibody (Hoess et al. 1993; Taki et al. 1997; Fukuda et al. 2000; Fukuda 2006; Popa et al. 2006) . Antibodies are coated on a plastic plate. Media containing phage particles is applied to the plate, and phages that do not bind to the antibodycoated plate are washed away. The inserts of the antibodybinding phage are sequenced to reveal epitopes recognized by the antibody. In this way, the peptide-displaying phage has been used for epitope mapping of antibodies (Scott and Smith 1990; Smith and Scott 1993; Cortese et al. 1995; Irving et al. 2001) . However, the peptide displayed on the phage may not necessarily represent a "peptide", as shown by experiments employing streptavidin as a target: streptavidin-binding peptides were isolated and their binding to streptavidin was inhibited by biotin (Devlin et al. 1990 ). As biotin is not a peptide, this demonstrated that it is possible to identify a molecular mimetic for non-peptide compounds.
Use of phage libraries to identify carbohydrate mimetics
In 1992, Goldstein's group screened peptide-displaying phage libraries using the lectin concanavalin A (Con A) as a target and identified Con A ligand-mimetic peptides (Oldenburg et al. 1992; Scott et al. 1992) . Identified peptides contained the consensus sequence YPY and bound Con A with high affinity comparable with that of methyl α-D-mannopyranoside, a known carbohydrate ligand. This pioneering work led to the development of carbohydrate-mimetic peptides in glycobiology.
In subsequent studies, monoclonal anti-carbohydrate antibodies served as targets for phage display library screening to identify carbohydrate-mimetic peptides. Pastan's group screened a peptide-displaying phage library by a monoclonal anti-Lewis Y antibody (clone B3) and found that phage clones selected by this antibody encode the sequence APWLYGPA (Hoess et al. 1993) . Alanine-scanning mutagenesis of this sequence indicated that PWLY is critical for B3 binding. The authors also showed that PWLY peptide can induce an immune response to the Lewis Y antigen in rabbits and mice, demonstrating that carbohydrate-mimetic peptides provide a novel strategy to elicit immune responses for carbohydrate antigens (Lou and Pastan 1999) .
Peptides identified by anti-carbohydrate antibodies and lectins are generally assumed to be carbohydrate mimetics, or moieties behaving like carbohydrates. However, it is unclear whether peptides mimic a carbohydrate structure or merely provide an epitope that fits the antigen-binding site of the antibody. Harris et al. (1997) addressed this question by identifying a series of peptides using closely related monoclonal antibodies directed against the cell wall polysaccharide of group A Streptococcus. All identified peptides bound at or near the carbohydrate-binding site. The group found that each monoclonal antibody binds each specific peptide sequence but could not identify a common sequence among peptides 9-10 clones is added to a plastic well coated with a target, such as a monoclonal anti-carbohydrate antibody. Phage clones that do not bind the target will be washed away from the plate. Competent host bacteria are then added to the well, so that phages remaining in the well will infect bacteria. Following the growth of infected bacteria, the phages are amplified. By repeating this procedure 3-4 rounds, phage clones displaying peptides with high target-binding affinity are isolated. Biopanning of the filamentous M13-based phage can be done in a similar manner.
Phage display in glycobiology selected by multiple monoclonal antibodies. These findings indicate that peptides likely do not mimic the carbohydrate structure. Taki et al. (1997) successfully identified 9-mer peptides apparently mimicking the non-reducing terminal galactose structure. The consensus sequence VPPXFXXXY was recognized by two monoclonal antibodies directed to lactotetraosylceramide and neolactotetraosylceramide. These peptides also bound to Ricinus lectin and inhibited Jack bean β-galactosidase activity toward neolactotetraosylceramide. The authors concluded that the 9-mers are sufficient to mimic the carbohydrate epitope structure. These studies suggest that peptides function in carbohydrate mimicry by interacting with carbohydrate-binding proteins at the epitope recognition site. However, the peptide identified by a monoclonal antibody may not necessarily mimic the carbohydrate structurally, particularly when an epitope is part of a complex structure (Dharmasena et al. 2007) . A study of three anti-Lewis A monoclonal antibodies showed that each antibody recognizes a part of Lewis A oligosaccharide (Young et al. 1983) . It is likely that each peptide selected by a monoclonal antibody represents a three-dimensional structure that uniquely fits the antigen-binding site of the antibody, but the peptide may not represent the entire carbohydrate structure.
Carbohydrate-mimetic peptides as immunogens
Since many anti-carbohydrate antibodies were raised by immunizing mice by cancer cells and tissues (Solter and Knowles 1978; Gooi et al. 1981; Anger et al. 1982; Shevinsky et al. 1982; Kannagi et al. 1983; Hakomori 1984 Hakomori , 1989 Kannagi 2000) , complex carbohydrate structures presented on the cell surface often serve as potent immunogens. However, oligosaccharides or monomeric forms of carbohydrates are frequently poor immunogens, as they are T-cell-independent antigens (Milich and McLachlan 1986; Dullforce et al. 1998) . Investigators have explored the molecular mimicry of tumor-associated carbohydrate antigens by peptides in order to raise antibodies against tumor-associated carbohydrate antigens, as efforts to create cancer vaccines (Kieber-Emmons et al. 1999; Lou and Pastan 1999) . The rationale behind these studies is that carbohydrate-mimetic peptides can elicit antibody responses that cross-react with representative human cancer-associated carbohydrate antigens. In one such study, the vaccination of mice with a cancerassociated antigenic-mimetic peptide reduced tumor growth and prolonged host survival in both murine sarcoma and breast tumor models (Kieber-Emmons et al. 1999) .
Microbial polysaccharides are often poor immunogens. Pincus et al. (1998) developed a protective monoclonal antibody against the type III capsular polysaccharide of group B streptococci (GBS), using peptide phage display to identify epitope analogs. Among sequences identified, FDTGAFDPDWPA peptide inhibited antibody binding to GBS. When the peptide was conjugated to three different carriers and used to immunize mice, all mice produced a significant antibody response to GBS and to the purified capsular polysaccharide following a single immunization.
Other studies (Pincus et al. 1998; Kieber-Emmons et al. 1999) indicate that carbohydrate-mimetic peptides are both antigenic and immunogenic. Peptide mimetopes may enhance vaccine efficacy by enhancing immune responses to poorly immunogenic bacterial carbohydrate epitopes.
Peptides that function as ligands for carbohydrate-binding protein
Several carbohydrate-mimetic peptides that bind to carbohydrate-binding proteins have been identified. We screened a peptide-displayed phage library using the anti-Lewis A antibody clone 7LE and identified a series of 7-mer peptides (Fukuda et al. 2000) . Among them, the peptide designated I-peptide, or IELLQAR, bound to E-selectin, P-selectin and L-selectin in a calcium-dependent manner. Synthetic I-peptide inhibited binding of the selectin ligand carbohydrate, sialyl Lewis X, to E-selectin. When I-peptide was injected intravenously into mice prior to the injection of sialyl Lewis X-expressing melanoma cells, it inhibited melanoma colonization in mouse lung, suggesting the existence of an I-peptide receptor in lung endothelial cell surfaces. We had hypothesized that I-peptide interacts with Eor P-selectin in the lung vasculature. However, I-peptide receptor activity was found in E-/P-selectin double-deficient mutant mice, suggesting the existence of a novel I-peptide receptor (Zhang et al. 2002) . A subsequent study identified the I-peptide receptor as a pre-mRNA splicing factor (Hatakeyama et al. 2009 ). This surprising finding is reminiscent of reports that some galectins are nuclear and exhibit mRNA splicing activity (Dagher et al. 1995; Vyakarnam et al. 1997) . Thus, both pre-mRNA splicing factors and members of the galectin family exhibit both nuclear pre-mRNA splicing activity and cell surface carbohydrate-binding activity (Haudek et al. 2010) . Ishikawa et al. (1998) isolated phage clones that bound to a monoclonal antibody against ganglioside GD1α. One of the phages displaying the sequence WHWRHRIPLQLAAGR inhibited the adhesion of mouse lymphoma cells to hepatic endothelial cells. The group identified WHW as the minimal sequence required for this function. Intravenous injection of WHW peptide-attached liposomes efficiently inhibited the metastasis of lymphoma RAW117-H10 cells to the liver, lung and spleen (Takikawa et al. 2000) . Their results strongly suggest that GD1α mediates the adhesion of RAW117-H10 cells to endothelial cells in these organs. This group has identified other short peptides using anti-ganglioside antibodies (Taki et al. 1997; Matsubara et al. 1999; Popa et al. 2006) with the aim of developing novel therapeutics against infectious disease and cancer (Taki et al. 2008) .
Polysialic acid (PSA) attached to the neural cell adhesion molecule is a permissive determinant for numerous morphogenetic and neural plasticity processes (Yang et al. 1992; Suzuki et al. 2005) . PSA-mimetic peptides were identified by phage display library screening using a monoclonal antibody specific for PSA as the target (Marino et al. 2009 ). In cultures of neural progenitors, micromolar concentrations of a peptide designated PR-21 promoted axon growth, defasciculation and cell migration. When injected into the developing chicken MN Fukuda retina, the peptides altered the pathfinding of retinal ganglion cell axons. Moreover, PR-21 peptide enhanced the migration of neuroblasts grafted into the mouse brain. These effects were selective and required the presence of PSA on transplanted cells in mice and in cultured neurons (Torregrossa et al. 2004; Marino et al. 2009 ). In an independent study, Schnaar's group showed that the injection of sialidase enhances recovery from spinal cord injury in rats (Mountney et al. 2010 ). These studies suggest that both PSA-mimetic peptides and sialidase could be useful as therapeutics for spinal cord injury.
N-deacetylase-N-sulfotransferase 1 (Ndst1) catalyzes the reaction required for the biosynthesis of heparan sulfate and heparin by the removal of acetyl groups from the subsets of Nacetylglucosamine units and the subsequent sulfation of resulting free amino groups (Aikawa and Esko 1999) . When a phage library displaying 10-mer cyclic peptides was screened against Ndst1, two peptides were selected: CRGWRGEKIGNC and CNMQALSMPVTC. The former binds to heparan sulfate and blocks binding of enzyme to substrate, whereas the latter inhibits mNdst1 activity by a direct interaction at the active site. This study showed that phage display is useful for developing inhibitors of enzymes functioning in glycan synthesis (Gesteira et al. 2010 ).
Single-chain variable region antibody for carbohydrate antigen
The studies described in the previous sections indicate that peptides can be displayed on the bacteriophage surface in a way that can be recognized by antibodies (Smith 1985; Parmley and Smith 1988; Smith and Scott 1993) . It was then shown that the reverse situation is also possible: a fragment of an antibody or the variable region of IgG displayed on a filamentous phage can be specifically enriched by selection on an immobilized antigen (McCafferty et al. 1990; Barbas et al. 1991) . Phage display technology has advantages over the direct expression of antibody genes in the viral genome. By combining high cloning efficiency of the lambda phage with filamentous phage display (Hogrefe et al. 1993) , large libraries allow an enhanced diversity of the antibody repertoire, making it possible to detect a wide range of antigens (Persson et al. 1991; Little et al. 1999) .
The immunoglobulin-encoding DNA sequences cloned for antibody engineering are the variable (V) domains of both heavy (H) and light (L) chains, which constitute the antigenbinding site. If the humanized antibody is desired, cDNAs are prepared by reverse transcription of RNA extracted from human B-lymphocytes, and the VL and VH immunoglobulin regions are amplified by polymerase chain reaction (PCR). PCR primer sets are designed on the basis of conserved flanking base sequences found at the beginning of VH and VL genes (corresponding to the FR1 in the V region), at the end of the JH or JL segments (FR4 in the rearranged V region) and at the proximal CL or CH1 constant regions (Gavilondo and Larrick 2000; Rojas et al. 2004) . Alternatively, mice can be immunized by an antigen and cDNAs prepared from spleen RNA, which can then serve as PCR templates (De Jaeger et al. 1997 ).
Phage clones displaying VH and VL genes with antigenbinding activities can be enriched by biopanning with an antigen. Identified peptide sequences are then incorporated into the bacterial expression vectors for single-chain variable fragments (scFv) to produce a single-chain antibody, which is composed of VH, VL and linker (Figure 2 ). Carbohydrate antigens, such as heparan sulfate and chondroitin sulfate, were coated on a polystyrene plastic surface and an scFv phage library was screened (van Kuppevelt et al. 1998; Smetsers et al. 2004; Smits et al. 2006) . For the scFv anti-Tn antibody, Kubota et al. (2010) used avidin-conjugated beads with the biotinylated synthetic Tn antigen, GalNAcα1 → Ser/Thr, for positive selection and those with biotinylated bovine serum albumin conjugated with the blood group A trisaccharide, GalNAcα1 → 3(Fucα1 → 2)Galβ1→, for negative selection. Clones selected in the first round of biopanning were expanded in vitro by host bacterial cell infection and then subjected to three or four rounds of biopanning. Clones specifically binding to the antigen were progressively enriched (1000-10,000-fold) over each round. After three or four rounds, individual phage clones were then characterized in terms of V region sequence and antigen affinity. This method allows the isolation of human and mouse antibodies against any antigen and bypasses both hybridoma technology and in vivo immunization.
Single-chain anti-carbohydrate antibodies were produced against bacterial cell wall (Deng et al. 1994 (Deng et al. , 1995 Hughes-Jones et al. 1994 ). Subsequently, van Kuppevelt et al. produced and characterized several anti-heparan sulfate scFv antibodies by screening a semi-synthetic scFv phage library by panning with heparan sulfate from the bovine kidney (van Kuppevelt et al. 1998; Jenniskens et al. 2000; Dennissen et al. 2002; van de Westerlo et al. 2002; ten Dam et al. 2004; Kurup et al. 2007; Uchimura et al. 2010) . Each antibody, encoded by distinct VH and VL domain peptide sequences, reacted differently toward various heparan sulfate preparations and showed different staining patterns in tissue sections, suggesting that the antibodies recognize unique epitopes within the heparan sulfate chain. Since the scFv antibody designated RB4CD12 requires a fully sulfated epitope for binding, this antibody was used to measure the enzymatic Phage display in glycobiology activity of an endosulfatase, which removes sulfate residues from heparan sulfate (Uchimura et al. 2010) .
Anti-chondroitin sulfate scFv antibodies were also produced ). These antibodies show distinct immunostaining patterns in normal vs psoriasis skin, as well as in neural tissues and tumors, suggesting that each recognizes a unique structure within the chondroitin sulfate molecule . Those antibodies were used for determining functional microdomains within chondroitin sulfates and dermatan sulfates in metastatic cancer cells (Li et al. 2008) : structural analysis of chondroitin/dermatan sulfates from mouse Lewis lung carcinoma-derived cell lines with different metastatic potentials suggested a potential role for chondroitin sulfate E-like structures, which was supported by immunocytochemistry with the chondroitin sulfate E epitope, which is specifically recognized by the phage display antibody GD3G7. Interestingly, both this antibody and a chondroitin sulfate E decasaccharide, the minimal structure recognized by GD3G7, antagonized metastasis likely by modifying proliferative and invasive behavior of metastatic tumor cells.
Phage display technology has also been used to produce antibodies against "difficult" antigens. For example, the Tn antigen or GalNAcα1 → Ser/Thr is highly expressed in carcinoma tumors in the gastric, colorectal, ovarian, breast and pancreatic tumors, whereas its expression is very limited in benign and normal tissues (Springer 1984) . Tn antigen expression is reportedly an independent marker for poor prognosis in carcinomas (Iwasaki et al. 2000; Hiraoka et al. 2002; Rousseau et al. 2002; Engelsberg et al. 2003) , suggesting that it could be an attractive candidate for cancer immunotherapy. However, due to the small size of the antigen, it has been difficult to generate an anti-Tn antibody using conventional hybridoma technology. To overcome this difficulty, Kubota et al. (2010) identified the anti-Tn scFv antibody by phage display technology. To do so, they immunized mice with Tn antigen-positive Jurkat cells, isolated mouse spleen, made cDNAs for PCR amplification of VH-and VL-encoding sequences and constructed their own scFv phage library. The library was screened by biopanning with the synthetic Tn antigen for positive selection and with the blood group A antigen for negative selection. Blood group A antigen contains a terminal GalNAcα1 → structure, which should be excluded from the Tn-binding phage pool. Tn antigen-specific scFv was then linked to the Fc constant region of human IgG to produce scFv-Fc fusion proteins. Since the same group previously found that ADCC (antigen-dependent cell-mediated cytotoxicity) activity is enhanced by IgG with fucose-free oligosaccharides in the Fc region (Shinkawa et al. 2003; Natsume et al. 2005) , they produced anti-Tn scFv-Fc fusion in a Chinese hamster ovary cell line, in which FUT8 gene encoding α-1,6-fucosyltransferase was knocked out (Yamane-Ohnuki et al. 2004) . Human scFv-Fc antibody produced in this manner exhibited high Tn-ADCC activity.
ScFv technology has been used to produce humanized antibodies against weakly immunogenic pathogens (Gerstenbruch et al. 2010; Hussack et al. 2011) . Neisseria meningitidis is one of the most common causes of bacterial meningitis in infants and young adults (van Deuren et al. 2000; Thorburn et al. 2001; Munro 2002) . Type B, which is responsible for up to 80% of the total cases of N. meningitidis in industrialized countries, is resistant to any attempt to develop a capsulebased vaccine due to poor immunogenicity of the capsule. Weak immunogenicity is probably due to the similarity between the type B capsule polysaccharide and PSA expressed on the neural cell adhesion molecule in mammalian tissues (Finne et al. 1983 ). Thus, type B capsular saccharide is a self-antigen that cannot stimulate an immune response but can potentially induce autoimmunity if used as a vaccine (Wildes and Tunkel 2002) . Beninati et al. (2001 Beninati et al. ( , 2004 ) raised a mouse monoclonal antibody designated Seam 3 against a chemically modified form of the group B capsular polysaccharides. They then immunized mice with this antibody and produced an anti-idiotypic scFv phage library using spleen mRNA from immunized mice. The scFv specific to Seam 3 competed with group B capsular polysaccharides for binding to Seam 3. Moreover, when these scFv antibodies were injected to mice and rabbits, antibodies reacting with meningococci but not with human PSA were produced.
Additional examples of scFv antibodies against capsular lipopolysaccharides have been reported for Chlamydiaceae (Gerstenbruch et al. 2010) , Clostridium thermocellum (Berdichevsky et al. 1999) , Escherichia coli O157:H7 (Kanitpun et al. 2004 ) and E. coli endotoxin B (Chung et al. 2008) , Burkholderia mallei and Burkholderia pseudomallei (Kim et al. 2010) .
Fujita-Yamaguchi's group has produced scFv antibodies against N-glycans ( Sakai et al. 2007; Zhang et al. 2007; Yuasa et al. 2010) . Since the N-glycan core structure is shared by many glycoproteins, and N-glycans are expressed in eukaryotes, these carbohydrates are not immunogenic and an antibody for N-glycans is not available. Antibodies produced by scFv technology could provide useful reagents to study the localization and function of N-glycans in mammalian cells.
Future perspectives
Phage display is an emerging approach useful for combinatorial drug discovery (Ruoslahti 2000; Landon et al. 2004 ). Carbohydrate-mimetic peptides whose sequences have been identified by peptide-displaying phage library screening may have benefits over genuine carbohydrates because of their ease of synthesis. Peptides also have advantages over synthetic organic chemistry-based drugs, as peptides are degradable to amino acids in vivo, avoiding side effects in humans and environmental contamination. Carbohydrate-mimetic peptides and carbohydrate-binding single-chain recombinant antibodies should serve as valuable tools in both basic and translational glycobiology research.
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